The discovery of electric field induced bandgap opening in bilayer graphene opens new door for making semiconducting graphene without aggressive size scaling or using expensive substrates.
have allowed successful production of large scale single-layer graphene on metal substrate. [20] [21] [22] [23] [24] However, the synthesis of uniform bilayer graphene film remains extremely challenging. Here we report the first synthesis of wafer scale bilayer graphene film over at least 2 inch × 2 inch area, limited only by our synthesis apparatus. Our method is based on CVD growth of bilayer graphene on copper surface, and is characterized by the depletion of hydrogen, high vacuum, and most importantly, slower cooling rate compared to previous single-layer graphene synthesis. 21, 22, 24 The optimal bilayer graphene film is grown at 1000 o C for 15 minutes, with growth pressure of 0.5 Torr, CH 4 flow rate of 70 sccm, and a cooling rate of 18°C/min (0.3 °C/s) (Supporting Information Fig. S1 ). the film is torn and folded (lower right of Fig. 1b) . To identify the number of layers for our graphene sample, the film thickness is first measured using AFM (Fig. 1c) . Height profiles across patterned graphene edges show that thickness of our graphene samples range from 0.9 nm to 1.3 nm, suggesting number of graphene layers below 3. 23 We further performed Raman spectroscopy measurements (Renishaw spectrometer at 514nm) on ten randomly chosen spots across the film, and compared them with reference samples prepared by mechanically exfoliating Kish graphite. 17, 25, 26 The red curve in Fig. 1c represents a typical Raman spectrum from our sample. Two peaks are clearly visible between Raman shift of 1250 cm -1 -2850 cm -1 , corresponding to the G band (~1595 cm -1 ) and 2D band (~2691 cm -1 ), respectively. [26] [27] [28] [29] [30] Importantly, the spectrum exhibits several distinctive features. First, 2D band shows higher peak intensity than G band with the 2D-to-G intensity ratio I 2D /I G ~2.31, suggesting the number of graphene layers less than 3. 24, 27, 29 Second, the full width at half maximum (FWHM) of 2D band peak is measured to be ~45 cm -1 , exceeding the cut-off of ~30 cm -1 for single-layer graphene. 25, 26, 28 Third, the 2D band peak cannot be fitted with single Lorentzian (Supporting information Fig. S2a ), but fitting from four Lorentzian peaks with a FWHM of 24 cm -1 yields excellent agreement (Supporting information Fig. S2b ). [26] [27] [28] Raman spectra taken from the other 9 spots show similar features with the 2D band FWHM of 43~53 cm -1 .
These observations are strong reminiscent of characteristic bilayer graphene Raman spectrum. In addition, reference Raman spectra taken under identical conditions from exfoliated single-layer (green curve) and bilayer (blue curve) graphene are also presented in Fig. 1c . Exfoliated single-layer graphene shows a 2D band FWHM of 24 cm -1 and I 2D /I G of 3.79, while exfoliated bilayer graphene shows a FWHM of 46 cm -1 and I 2D /I G of 2.25. Together, the AFM height measurements, the Raman spectra, and the direct comparison with the exfoliated samplesclearly supports the bilayer nature of our CVD synthesized graphene film. We also measured the D band to G band intensity ratio, I D /I G , of our bilayer graphene sample to be around 0.11~0.3, indicating a relatively low defect density. 4 TEM selected area electron diffraction pattern was measured to further characterize the graphene film ( Figure 2a ). The six-fold symmetry is clearly visible and Bravais-Miller (hkil) indices are used to label the diffraction peaks. Importantly, the diffraction intensities of inner peaks from equivalent planes {1100} are always higher than outer peaks from {2100}. The intensity ratios of I -1010 /I -1-120 and I -1100 /I are close to 0.28 ( Fig. 2b) , indicating that the film is not a single layer and it retains AB stacking structure. [31] [32] [33] We further studied the tilt angle-dependent diffraction peak intensity for both inner and outer peaks. As shown in Fig. 2c , both (0-110) and (-1-120) peaks show strong intensity modulation with tilt angle, and both peaks can be suppressed completely at certain angle. It is known that monolayer graphene has only zero order Laue zone and weak intensity modulation is expected at any angle.
32,33
Our TEM results again agree with AFM and Raman measurements for the bilayer nature of the graphene film. We also notice additional diffraction spots, which are caused by the residues on the film due to insufficient sample cleaning.
To further evaluate the uniformity of CVD grown bilayer graphene film, we performed spatially indicating bilayer graphene. These results confirm that the CVD bilayer graphene film is highly homogeneous, with only very small fraction corresponding to possibly 3 layers.
We then quantified the bilayer graphene coverage by studying the statistics of 2D band peak width and I 2D /I G ratio. Figure 3d illustrates the histogram of the FWHMs of 2D band taken from the Raman mapping. The average peak width is determined to be 51 ± 2 cm -1 . Furthermore, cumulative counts plotted in Fig at higher fields is an unmistakable sign of bandgap opening in bilayer graphene. 15, 16 In comparisons, the peak resistance at the charge neutral point should remain roughly constant for single-layer graphene, 15 while R □, Dirac decreases at higher field for trilayer graphene. 5 In addition, we also compared the temperature dependence of R □, Dirac at V bg ~ 0V and V bg ~ -100 V (Supporting Information Fig. S5 ).
Larger variation of R □, Dirac vs. temperature is observed under higher electric field, which again agrees with field-induced bandgap opening in bilayer graphene. 15, 16 We note that the observed resistance modulation due to electric field and temperature are smaller compared to devices made by mechanical exfoliation, 15, 16 which can be attributed to the polycrystalline nature of CVD graphene film. We also note that our devices show large fluctuations of the offset voltage (from impurity and surface doping), with some cases exceeding 140 V for the bottom gate. This could be caused by the ion residues from the etching process, and further investigations are needed. 7 We also studied the statistics of bilayer graphene occurrence for 63 (7 row x 9 columns) dual-gate devices fabricated across the same film (Fig. 5a) and V bg of ±120V, and R □,dirac,min is the minimum peak square resistance. The histogram of the percentile changes is shown in Fig. 5b , with an average peak resistance change of 38% and maximum value of 77%. In addition, the average room temperature carrier mobilities were measured to be ~580 cm 2 V -1 s -1 , which are the lower-bound values without excluding the device contact resistance. The smaller-thanexpected R □,Dirac modulation is believed to be caused by defects and unintended impurity doping 16 . High quality gate dielectrics have been shown to improve the bilayer graphene device performance dramatically 18 . The electrical measurement results echo the finding from Raman measurements: our CVD grown bilayer graphene film is highly homogeneous.
Lastly, we would like to comment on the key growth parameters for our CVD bilayer graphene films. It has been suggested that graphene growth on copper surface is self-limited to single layer 24 , but both of our Raman and electrical characterizations clearly prove otherwise. We systematically varied the key growth conditions, and the resulting film quality was evaluated using Raman spectroscopy (Supporting Information, and Table S1 ). Two different methods were used to transfer bilayer graphene from copper foil to SiO 2 substrates.
The first method utilize thermal release tape (Nitto Denko) to transfer bilayer graphene from the copper foil. 1 The tape was attached to the copper surface and a force of 6.25 N/cm 2 was applied to the copper/bilayer graphene/tape stack for 10 minutes with EVG EV520IS wafer bonder. The other side of the copper is exposed to O 2 plasma for 30 seconds to remove the graphene on that side. The copper was etched away using iron (III) nitrate (Sigma Aldrich) solution (0.05g/ml) for 12 hours. A 4 inch silicon wafer with thermally grown SiO 2 was precleaned with nP12 nanoPREP using plasma power of 500W
for 40 seconds to modify the surface energy and produce a hydrophilic surface. The tape and bilayer 20 graphene stack was transferred to the precleaned SiO 2 wafer and a force of 12.5N/cm 2 was applied for 10 minutes. The substrate was then heated to 120 °C to eliminate the adhesion strength of the thermal release tape. The tape was then peeled off and the adhesive residue was removed with warm acetone.
Polymethyl methacrylate (PMMA) can also be used instead of thermal release tape to transfer bilayer graphene. 2 This method is easier as it does not require a bonding tool but the edge part of the graphene is usually rough due to uneven thickness of spin coated PMMA at the edge. In this method, one side of the sample is coated with 950PMMA A6 (Microchem) resist and cured at 180°C for 5 minutes. The other side of the sample is exposed to O 2 plasma for 30 seconds to remove the graphene on that side. The sample is then left in iron (III) nitrate (Sigma Aldrich) solution (0.05g/ml) for at least 12 hours to completely dissolve away the copper layer. The sample is transferred on to a silicon substrate with thermal oxide. The PMMA coating is removed with acetone and the substrate is rinsed several times. After all transfers, Raman spectroscopy as well as optical microscope were used to characterize the graphene film. Electrical transport measurement was done with samples prepared with PMMA method.
21 Figure S1 . Temperature vs. time plot of bilayer graphene growth condition. Pressure value is denoted as "P". 
